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Summary
Although regeneration studies are useful for under-
standing how organs renew, little information is avail-
able about regeneration of reproductive organs and
germ cells. We here describe the behavior of germ-
cell precursors during regeneration of the oligochaete
annelid worm Enchytraeus japonensis, which has the
remarkable feature of undergoing asexual (by fission)
and sexual reproduction [1, 2]. We first found that the
gonad can regenerate from any body fragment yielded
by fission during asexual reproduction.We then exam-
ined behavior of germ-cell lineage during this regener-
ative process, by using a homolog of the Piwi gene (Ej-
piwi) as a marker. We found that in asexually growing
animals, specialized cells expressing Ej-piwi are dis-
tributed widely in the body as single cells. These cells
seem to serve as a reservoir of germ-cell precursors
because during asexual propagation these cells mi-
grate into the regenerating tissue, where they ulti-
mately settle in the prospective gonads, and give rise
to germ cells upon sexualization. These cells are dis-
tinct from the neoblasts, thought to be stem cells in
other animals. This is the first report to directly show
that the germ and somatic lineages are segregated in
asexually growing animals and behave differently
during regeneration.
Results and Discussion
It has been known that when a mass of asexually grow-
ing E. japonensis is put into starvation condition, some
worms are switched to a sexual-reproduction mode
and eventually develop reproductive organs, including
testes, ovaries, and associated tissues, in the 7th and
8th segments (the worm is a non-self-fertilizing
*Correspondence: yotayota@bs.naist.jphermaphrodite) (Figure 1A) [2]. The fact that small frag-
ments of the body after fission can regenerate the entire
organism led us to raise the intriguing question of
whether the gonad-producing potential can be regener-
ated from any body fragment or whether this potential is
confined to the normal gonad-forming region (contain-
ing 7th and 8th segments). To address this question,
we amputated worms to obtain fragments derived
from either a middle or posterior trunk region and al-
lowed each of these fragments to regenerate the head
region. A middle fragment made by two amputations re-
generates a head anteriorly and tail posteriorly (Fig-
ure 1B). After regeneration, these worms were individu-
ally starved to induce sexualization. After 10 days, both
the middle- and posterior-trunk-derived worms pos-
sessed gonads in the 7th and 8th segments with the
same efficiency (>80%) as did head-derived worms
(Figure 1B). This demonstrates that gonads can regener-
ate from all segments in E. japonensis.
We next explored the origin of germ cells during this
regeneration process. In other species, genes of the
Piwi family are expressed in germ cells [3–9]. To test
whether this is conserved in annelids, we obtained the
sequence for a partial fragment of a Piwi-related cDNA
(Ej-piwi) from the EST database of E. japonensis. The
Ej-piwi gene belongs to the Piwi subfamily, containing
the highly conserved Piwi box, which is distinct from an-
other subfamily, argonaute (Figure 2A). With whole-
mount in situ hybridization using a probe 1522 bp long
(see the Supplemental Data available online), we visual-
ized in asexually growing worms two small clusters of
Ej-piwi-expressing cells, which were specifically local-
ized to the 7th and 8th segments in the head (Figure 2B).
To examine the relationship of these cells to the repro-
ductive organs, we treated worms to be sexualized
and allowed them to mature. The Ej-piwi-positive popu-
lation in the 7th and 8th segments expanded, and after
10-days were seen in the seminal vesicles and ovisac,
which were filled with male germs cells (spermatogonia,
spermatocytes, and sperm) and oocytes, respectively
(Figures 2B and 2C) [10, 11]. A sense probe did not
yield significant signals (Figure 2). These observations
strongly suggest that the Ej-piwi-positive clusters ob-
served in asexually growing worms at the 7th and 8th
segments are precursors of germ cells. Thus, even asex-
ually growing animals possess a reservoir of germ-cell
precursors in the prospective gonadal regions.
Ej-piwi-positive cells were also found in the trunk re-
gion. In contrast to the clusters seen in the 7th and 8th
segments, the trunk Ej-piwi-positive cells were present
as small single cells distributed sparsely, and with no
discernible pattern with respect to segmental borders
in a wide region of the body (Figure 3A). To understand
their possible role in the regeneration of gonads in gen-
eral and germ-cell precursors, in particular, we exam-
ined the behavior of Ej-piwi-positive cells in the trunk af-
ter head amputation. As shown in Figure 3B, at 1 day
after amputation when a blastema started to develop,
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1013Figure 1. Asexually Growing E. japonensis Develops Reproductive Organs upon Starvation, and This Ability Regenerates in Isolated Posterior
Region of the Body
(A) While growing asexually, E. japonensis does not display morphologically distinguishable structures in the 7th and 8th segments. After being
induced to sexualize, the worms start to produce distinct structures by day 5, and these structures develop as male and female gonadal organs in
the 7th and 8th segments, respectively.
(B) The worms were amputated to yield three fragments, a head region containing 7th and 8th segments, an anterior trunk, and a posterior trunk.
They were allowed to regenerate their missing part and were subsequently subjected to sexualization. All the three portions were capable of
producing gonadal structures in the 7th and 8th segments (p > 0.05).the Ej-piwi-positive cells remained unchanged. At 2
days after amputation, Ej-piwi-positive cells increased
in number, but remained in the pre-existing tissue. By
day 3, Ej-piwi-expressing cells were observed in the re-
generating tissue, and these cells were still more anteri-
orly distributed by day 4. The Ej-piwi-positive cells ulti-
mately converged in the 7th and 8th segments by 5
days after amputation, coincident with completion of
fundamental head structures, including the brain, phar-
ynx, head segments, and ventral nerve cord (data not
shown) [2, 12, 13].
We were unable to directly label cells in E. japonensis
because of technical problems (i.e., microinjections are
invariably lethal). As an alternative approach, the posi-
tion and number of individual Ej-piwi-positive cells
were plotted at four different stages of regeneration on
a diagram representing a schematized animal, with the
cell number counted for each stage (Figure 3C; each di-
agram shows a distribution of individual cells for nine
worms analyzed). At 1 day after amputation, the average
number of Ej-piwi-positive cells per worm was 2.30 6
2.02. At day 2, this number had increased to 5.58 6
2.73 cells. Strikingly, the number remained almost thesame at later stages until day 4: 5.40 6 3.40 cells at
day 3, and 5.846 2.95 cells at day 4. The most parsimo-
nious explanation of these data is that the Ej-piwi-posi-
tive cells, after proliferating in the pre-existing tissue,
migrate anteriorly and populate the regenerating tissue,
such that these cells ultimately settle in the prospective
gonadal segments, the 7th and 8th. These findings
strongly suggest that the germ-cell precursors in the
prospective gonadal regions derive during regeneration
from pre-existing trunk cells that are already specified
(Ej-piwi-positive).
We further explored which Ej-piwi-positive cells in the
trunk contribute to the germ-cell precursors in the re-
generating gonads by counting the number of Ej-piwi-
positive cells in each of four segments of anterior pre-
existing tissue (Figure 3D). The cells in the first segment
nearest to the amputation site increased in number by
day 2 of regeneration (2.26 to 5.47) and subsequently
were reduced in number to 0.93 by day 3 (Figure 3D).
This reduction likely occurs because most of these cells
migrated into the regenerating tissue as described
above. In the other three posterior segments, no signif-
icant change in cell number was observed. Taken
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1014Figure 2. Asexually Growing Worms Possess Germ-Cell Precursors in the 7th and 8th Segments, Wherein Reproductive Organs Develop upon
Sexualization
(A) cDNA sequence was compared with other Piwi family genes: E. japonensis (Ej-piwi, this study), human (Hiwi; AAC97371), mouse (Miwi;
NP_067286), zebrafish (Ziwi; NP_899181), Drosophila Piwi (AAF53043), Drosophila Aubergine (CAA64320), sea urchin (Seawi, AAG42533), Cni-
daria (Cniwi; AY493987), eIF2C_mouse (NP_700452), Ago1Drosophila (NP523734), Ago1Arabidopsis (NP_849784). A phylogenetical relationship
between Piwi genes was predicted by neighbor-joining method.
(B) Whole-mount in situ hybridization visualized two clusters of cells restricted in the 7th and 8th segments of asexually growing worms. After the
induction of sexualization, the Ej-piwi in situ signal became larger through cell proliferation and/or by an increase in transcript levels within in-
dividual cells. By day 10, the transcript localization overlapped with the structures seen in Figure 1A (day 10).
Transcripts were seen in the oocytes and also in the seminal vesicle, mostly composed of male germ cells (C). A sense probe did not yield signals
over background.
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1015Figure 3. Ej-piwi-Positive Cells Are Sparsely Distributed in the Trunk, and They Contribute to the Regeneration of Reproductive Organs
(A) Ej-piwi mRNA is detected in cells that are widely present as dispersed single cells in the trunk.
(B) Changes in behavior ofEj-piwi-positive cells after amputation (arrowheads) of the head. The left and right panels show the same lateral view of
worm, bright-field (left), and Nomarski optics (right).
(C) The same experiment as in (B) shown in a horizontal view. Individual cells of nine specimens at the same stage were plotted in one diagram
(left). Changes in the position of Ej-piwi-positive cells are seen. The number of Ej-piwi-positive cells of a worm in the region around the ampu-
tation increased at day 2 and remained unchanged afterwards.
(D) The Ej-piwi-positive cells residing in the segment nearest to the amputation site, but not those in more posterior segments, increased their
number. Amputation was made to yield a posterior trunk similar to that shown in Figure 1B.
(E) Ej-piwi-positive cells found in the vicinity of the amputation site (arrowheads) were also positive for PCNA at day 1.5 of regeneration. No
PCNA-positive cells in the blastema expressed Ej-piwi mRNA.
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1016Figure 4. The Ej-piwi-Positive Cells in the
Trunk Are Distinct from Neoblasts
(A) A diagram demonstrating that the neo-
blasts in oligochaetes including E. japonensis
are well known to localize in a segmental
fashion adjacent to each intersegmental sep-
tum, laterally to the ventral nerve cord as
a pair (transverse view in [A-1]) [2, 13]. Higher
magnification of the view enclosed by the
square in [A-1] highlights a characteristic
shape of the neoblast. In contrast, a trunk
Ej-piwi-positive cell is small and is tightly at-
tached to the dorsolateral side of the ventral
nerve chord in a mediolaterally asymmetric
fashion (transverse view in [A-2]). Ej-piwi-
positive cells and neoblasts are not found in
the same transverse section.
(B) Pulse labeling with BrdU allowed the neo-
blasts to be visualized specifically. The la-
beled neoblasts contributed to the formation
of blastema soon after the amputation, a be-
havior unambiguously distinct from that of
trunk Ej-piwi-positive cells.
(C) A summary of the behavior of germ-cell
precursors during gonad regeneration in
E. japonensis. When the worms grow asexu-
ally by fission, trunk a Ej-piwi-positive cell
(or cells) in a segment nearest to the fission
site proliferates, and subsequently these
cells start migrating into the regenerating tis-
sue. These cells ultimately settle as a cell
cluster, in the prospective gonadal (7th and
8th) segments. Upon sexualization, these
germ-cell precursors are expected to grow
and participate in the development of repro-
ductive organs.together, these results suggest that regenerating germ-
cell precursors arise from a Ej-piwi-positive cell (or cells)
residing close to the amputation site.
Regeneration processes in annelids are known to be
predominantly contributed by the neoblasts, the cells
presumed to be stem cells, which undergo proliferation
and differentiation during regeneration [2, 13, 14]. Our
observations show that the Ej-piwi-positive cells mi-
grate into the regenerating tissue at a relatively late
stage, suggesting that these cells are distinct from the
neoblasts. In contrast, neoblasts are thought to partici-
pate in the formation of blastema immediately after
amputation. To further corroborate this notion, we com-
pared the behavior of Ej-piwi-positive cells and neo-
blasts during head regeneration. The neoblasts inE. japonensis are unambiguously distinguished from
other cells by several characteristics including their
large cell size and their invariant pattern of distribution,
adjacent to each intersegmental septum and lateral to
the ventral nerve cord on both sides of the body (Fig-
ure 4A) [2, 13]. Furthermore, no neoblasts expressed
Ej-piwimRNA (Figure 4A). Finally, individual trunk Ej-piwi-
positive cells were attached to the dorsal aspect of the
ventral nerve cord, a position different from that of
neoblasts (Figure 4A).
To further examine the fate of neoblast-derived cells,
we developed a method of labeling them with BrdU by
immersing the amputated fragment in BrdU-containing
medium for 12 hr, beginning 12 hr after amputation
(Figure 4B). By the end of BrdU treatment, some labeled
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inate the possibility that BrdU might label Ej-piwi-posi-
tive cells in the first segment adjacent to the stump,
we again amputated the same worm at a position
slightly posterior to the original stump in a medium with-
out BrdU. This assured that BrdU labeling was specific
to the neoblasts. By 12 hr after the second amputation,
substantial numbers of BrdU-labeled cells contributed
to the forming blastema (Figure 4B) at a time prior to
the increase in number of Ej-piwi-positive cells (day 2,
see above). These results strengthen our observation
that the Ej-piwi-positive germ-cell precursors residing
in the 7th and 8th segments of asexually growing worms
derive from Ej-piwi-positive cells pre-existing in the
trunk, rather than from the neoblasts. This also high-
lights the notion that the asexually growing worms pos-
sess a reservoir of germ-cell lineage cells widely distrib-
uted in the body and that these cells are distinct from
neoblasts, which are multipotent somatic stem cells.
These findings do not exclude the possibility that Ej-
piwi-positive cells in the trunk produce not only the
germ-cell precursors, but also Ej-piwi-negative somatic
cells by asymmetric cell division. Nevertheless, our find-
ings unambiguously show that regeneration of the go-
nads involves precocious segregation of the germ cells
from the somatic stem cells, segregation that has taken
place before blastema formation.
Using E. japonensis as a model for regeneration of the
reproductive system, we find that germ-cell precursors
are present in the prospective gonadal region even in
asexually growing animals. More importantly, during re-
generation, these germ-cell precursors originate from
pre-existing, specified cells that express the Ej-piwi
gene (Figure 4C). An attractive possibility is that the
widely distributed Ej-piwi-positive cells serve as a reser-
voir of germ-cell lineage so that they can respond to
a fragmentation event no matter where this occurs dur-
ing asexual propagation by fission (Figure 4C). This
strategy would assure that germ-cell precursors can
be provided rapidly and correctly during regeneration
of the worm body. This novel finding of early segregation
between germ- and somatic-cell lineages during regen-
eration nicely parallels the behavior of primordial germ
cells (PGCs) during ontogenesis in most sexually repro-
ductive animals. PGCs are specified and remain sepa-
rate from somatically developing tissues. At later
stages, PGCs migrate into the somatic gonadal region,
where these two lineages again commingle [15]. The
present study, using E. japonensis, a species that un-
dergoes both asexual and sexual reproduction, holds
promise not only for understanding the regeneration
process, but also for illuminating the mechanisms by
which there is early segregation between germ and so-
matic lineages, a fundamental and largely unexplored
question.
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Supplemental Data include Supplemental Experimental Procedures
and are available with this article online at: http://www.
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